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ScotlandQuantitative vegetation reconstruction models have been developed to allow more faithful accounts of
changes in vegetation structure to be attained. Widespread application of these models is encouraged, how-
ever for this to be realised necessary parameter values, such as pollen productivity estimates require further
investigation. This study shows results of tests undertaken to detect the inﬂuence of a homogenous vegeta-
tion structure and sampling strategy upon the calculation of PPEs from contemporary data. Using a collection
of contemporary moss samples, sub-groups were created using deﬁned sampling strategies (random or sys-
tematic) and nearest neighbour distance thresholds to investigate the inﬂuence of these conditions upon PPE
generation. Results suggest that a random sampling strategy achieves the most reliable values, but using a
systematic strategy is possible. Furthermore, in areas where vegetation patterning is non-stationary, a
large degree of variation is incorporated into the values obtained, and the use of quantitative models in
such situations could be problematic.
© 2011 Elsevier B.V. Open access under CC BY license.1. Introduction
Analytical techniques used to interpret palynological data are
frequently qualitative which constrains explanation and secondary
use of this valuable data. However, the development and application
of semi-quantitative and quantitative approaches have so far been
restricted by methodological and environmental limitations. Misrep-
resentation of actual landscape changes in the pollen record arises
from a complex interaction of process which distorts the true
pollen–vegetation correlation. Sources of bias in the fossil record
stem from: differential dispersal of pollen related to grain morpholo-
gy (Tauber, 1965); post-depositional re-working that can redistribute
and restructure the pollen component in sediment archives (Davis,
1973; Davis and Brubaker, 1973; Bonney, 1978); preservation bias re-
lated to site conditions and grain properties (Cushing, 1967; Havinga,
1984); spatial patterning and patchiness of vegetation and land cover
(Sugita, 1994; Bunting et al., 2004), and pollen productivity.
It is the aim of semi-quantitative and quantitative techniques to
account for some of these biases and obtain more faithful accounts
of past changes in vegetation (Anderson et al., 2006; Gaillard et al.,
2008). Data retrieved from these methods can signiﬁcantly alter thement, School of Geosciences,
Road, Aberdeen, AB24 3UF, UK.
le).
license.interpretation of past landscape change, and information generated
is more versatile in comparison to qualitative interpretations allow-
ing further widespread use. Semi-quantitative methods provide a
means of obtaining contemporary analogies allowing a holistic view
of landscape characteristics e.g. climate, vegetation structure. In con-
trast, the quantitative approach, applied in this study, uses mechanis-
tic models to represent conditions and processes fundamental to
pollen dispersal to estimate vegetation coverage from pollen con-
tained within fossil assemblages. Modelled percentage cover for indi-
vidual taxa for a deﬁned spatial extent also enables more focused
questions to be addressed in relation to vegetation openness, anthro-
pogenic activity and ecosystem structure.
The quantitative reconstruction models have been developed to
parameterise atmospheric conditions, dispersal properties i.e. taxon-
speciﬁc fall speed of pollen, and use estimates of pollen productivity
as a means of modelling the process of pollen dispersal and deposi-
tion (Prentice, 1985; Sugita et al., 1999; Bunting and Middleton,
2005; Sugita, 2007a; 2007b; Bunting andMiddleton, 2009). Achieving
accurate values for these parameters is crucial to the model, and esti-
mates of pollen productivity are central to obtaining accurate results.
In the models, pollen productivity estimates (PPEs) and pollen dis-
persal/deposition functions are used to correct a taxon for potential
over- or under-representation. For example, Pinus spp. are high pro-
ducers with a pollen morphology that aids long-distance transport.
Pinus spp. thus have an increased chance of being present within a
pollen sample, and in greater quantities, even if only present region-
ally. In contrast, the presence of small amounts of a low producer,
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Fig. 1. A map showing the characteristics of the ﬁeldsite, a) Inshriach Forest shown
within the context of the wider landscape; b) shows the vegetation patterning at the
site constructed from LCM2000 data and a Forestry Commission stock map (outlined
in black).
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data. Using modern pollen–vegetation comparisons, estimates of pro-
ductivity can be obtained to correct this bias, with studies conducted
to date having generated PPEs for a number of regions (Broström
et al., 2008). While research into the signiﬁcance of methodological
and environmental factors has been conducted, a number of ques-
tions remain.
1.1. Sources of variation in pollen productivity estimates
Currently, PPEs are available for 18 herb taxa and 15 tree taxa
from 9 studies, and the number of studies is likely to increase, but
Broström et al. (2008) demonstrated the lack of methodological con-
gruity in data collection between studies that could be a potential
source of error complicating the identiﬁcation of environmental
inﬂuences. Within a review of current research surrounding PPEs,
Broström et al. (2008) discussed the range of environmental factors
inducing variability into the PPEs. Climate was identiﬁed as the
main controller given the importance of temperature on ﬂowering
(Barnekow et al., 2007; Huusko and Hicks, 2009; Kuoppamaa et al.,
2009) with other inﬂuences identiﬁed as vegetation patterning,
diversity and location in relation to the taxon habitat range. Investiga-
tions into the overall inﬂuence of these factors are on-going and re-
quire a large body of data to assess their relevance. More recently,
Bunting and Hjelle (2010) have noted a number of methodological
choices that can induce variation, these include: pollen sample site
i.e. lake sediment sample as opposed to a moss polster; sampling
strategy for the pollen sample as it can be a single point sample or
combination of multiple samples within a given area; and vegetation
estimation method relating to the sampling technique and how cov-
erage is recorded i.e. frequency or as absolute or percentage coverage.
It is increasingly important therefore that potential errors in relation
to methodological processes are reduced to ensure that differences
between study sites can be fully attributed to environmental factors.
A further analytical error arises from the ERV model applied as
there are three variants of the ERV model. These differ in respect to
calculation of the background component from beyond the vegeta-
tion sampling extent and data input format. Initially, all models are
run as site conditions and data sampling has an inﬂuence over
model suitability, the highest log-likelihood is used to identify the
most suitable model for the data. Similar tests are conducted with
the weighting terms used to correct the vegetation data within the
model (1/distance; 1/distance2; taxon-speciﬁc). As with the ERV
model the most suitable weighting term is highly dependent upon
the site and taxa used within the calculations and therefore variations
are identiﬁed between studies. Broström et al. (2008) give a detailed
summary of studies carried out and the parameters used in each.
This paper presents the results of investigations into the inﬂuence
of sampling strategy and sample inclusion on the PPEs calculated.
Broström et al. (2005) investigated differences in the ‘Relevant Source
Area of Pollen’ (RSAP) as deﬁned by Sugita (1994, 2007b), and PPEs
when systematic and random sampling strategies were compared
using simulated open and semi-open contexts. Results from the
study presented here aim to conduct an analogous test to that of
Broström et al. (2005) using empirical data in a wooded landscape.
By doing so, the overall aim is to investigate the inﬂuence of spatial
autocorrelation in obtaining estimates of pollen productivity. Spatial
autocorrelation is a term used to represent the correlation between
a measured variable as a function of distance between samples
(Fortin and Dale, 2005), therefore in positive autocorrelation those
samples closer together will show a greater degree of correlation
than those further away (Webster and Oliver, 2007). In consequence,
samples are not suitably independent as a value of a variable can be
predicted from others taken within a speciﬁed distance, known as
the range. Essentially, patterns exhibited are non-random which in-
validates key assumptions of a number of statistical tests. Basedupon studies in southern Sweden it has been suggested that the sam-
pling strategy should be restricted to sites no less than 400 m apart to
counteract this inﬂuence (Broström et al., 2004). Few studies have in-
vestigated this limit in areas differing in vegetation composition and
structure to that of southern Sweden, this is crucial as these factors
determine the range of spatial autocorrelation. Only two studies in
the literature give an indication of a priori conditions placed upon dis-
tances in sampling; Mazier et al. (2008) use a limit of 400 m (centre
to centre) at the semi-open Swiss Jura ﬁeldsite, and von Stedingk et
al. (2008) use a 500 m limit in central Sweden, again semi-open veg-
etation (both studies used moss samples). In these studies the calcu-
lated RSAP are 300 m and 500 m respectively. In Bunting et al. (2005)
the study utilises a dataset of high density samples at two Alder carr
sites (116 and 86 each within a 15 km2 area) which returned RSAP
estimates between 50 and 150 m. Attributing the small RSAP from
the Alder Carrs in Bunting et. al., to sampling alone is ambiguous
given the complexities of the data, different environments and, as in
Mazier et al. (2008) and von Stedingk et al. (2008) the distance
threshold is a minimum and will be restricted to a portion and not
all of the samples in the dataset. However, the minimum sampling
distance is something that requires investigation to ensure that any
potential bias is recognised and accounted for in future studies.
2. Methods
2.1. Data collection
Inshriach Forest, a managed coniferous woodland, in the Cairn-
gorm Nature Reserve, eastern Scotland, was chosen for the study site
as management records were available to facilitate a validation of
the quantitative model results (Fig. 1). Inshriach Forest is dominated
by coniferous woodland, primarily Pinus spp. (Pinus contorta spp.
latifolia and Pinus sylvestris var. scotia), but also Larix spp. (Larix decidua
and Larix kaempferi) and Picea spp. (Picea abies and Picea sitchensis),
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nant deciduous taxon. It is divided into discrete compartments con-
taining a single species or a mix of two taxa. Where the latter is
true the most dominant taxa is shown in the map, but for data
analysis the relative proportions are accounted for. The surround-
ing landscape is a mosaic of Calluna-dominated heathland, agricul-
tural land and grassland (Fig. 1) creating a heterogeneous structure
in the low-lying areas, whilst the mountain plateaus support mon-
tane herbs. Vegetation patterning in the wider region is similarly
structured comprising open heathland and natural and planted
woodlands.
A total of 29 moss samples were taken in the ﬁeld area ensuring
that this was at least double the number of taxa to be used in the PPE
analysis (Broström et al., 2008). A stratiﬁed-random approach was
employed to select deﬁned vegetation communities to incorporate
taxon diversity e.g. coniferous woodland, deciduous woodland,
and heathland, within which the samples were randomly selected.
Modern moss samples comprised of a single standardised sample
(10 cm diameter) at the centre of a 1000 m vegetation sampling
area, shown in Fig. 2. Vegetation data was recorded in the ﬁeld
from the sample point to 100 m distance with measurements of
arboreal density (basal area) and ground ﬂora coverage taken from
four transects (2 m wide) running from the central point. Estimates
of vegetation from 100 to 1000 m were obtained from Forestry
Commission stock data and aerial photographs. The aerial images
were classiﬁed using a supervised classiﬁcation based on known
vegetation composition to identify areas of heathland, deciduous
woodland, non-pollen producing areas and coniferous (primarily
Scots pine: Pinus sylvestris) woodland immediately surrounding
Inshriach Forest.
Spatial autocorrelation inﬂuences were investigated using 3 dis-
tance classes constructed from the original 29 sample dataset. Based
upon distance to the nearest neighbour the systematic selection
formed the 1000 m, 500 m and 200 m classes, with the provision
that no site would be less than 1000 m, 500 m or 200 m apart respec-
tively. A corresponding random group was formed for each distance
class which were composed of the same number of samples but
had no distance regulations, thus; 1000 m N=12; 500 m N=18;
and 200 m N=25. Within each sub-group 3 variants were identiﬁed0 - 10m
Quadrats at sample point (4 x 1m2), vegetation mapping
10 - 100m
Transects (2m x 100m) for trees
Quadrats (1m2) for herbaceous
100 - 1000m
Concentric circles (10m width)
to map vegetation
Fig. 2. A schematic representation of the ﬁeld collection methods which were modiﬁed
from Broström et al. (2004).which incorporated different sampling sites whilst still conforming
to the a priori conditions to assess intra-group variation.
2.2. Estimating pollen productivity
To calculate pollen productivity, the vegetation data is correlated
to the pollen at increasing distance increments, in 10 m steps, using
the Extended R-Value model (Parsons and Prentice, 1981; Prentice
and Parsons, 1983; Sugita, 1994). Each point for the correlation is
represented by log-likelihood measuring the goodness-of-ﬁt of the
model to the data (Sugita, 2007b). When the log-likelihood is plotted
against distance the point of best ﬁt is marked by the highest value
and subsequent values do not vary forming an asymptote. This
point indicates the distance at which the ﬁt between the pollen and
vegetation does not improve, marking the RSAP enabling pollen
productivity to be estimated. It is essential that the RSAP is deﬁned
and this distance is incorporated into the maximum survey distance
to calculate robust productivity estimates.
ERV analysis was run, using model 3 with taxon-speciﬁc weight-
ing (Sugita, 1994) as this was deemed the most suitable based upon
the log-likelihood score. For each group PPEs were calculated for the
5 main taxa (Pinus, Picea, Larix, Betula and Calluna) which were
frequently present in the pollen and vegetation as these taxa were
the main constituents of the vegetation. The RSAP is estimated by
plotting log-likelihood against distance from the sampling point to
1000 m and identifying the distance at which the log-likelihood no
longer increases. Two methods are currently used; visual interpreta-
tion (Broström et al., 2004; Bunting et al., 2004; Broström et al.,
2005; Räsänen et al., 2007; Dufﬁn and Bunting, 2008; von Stedingk
et al., 2008) and moving-window linear regression (Nielsen and
Sugita, 2005; Sugita, 2007b; Gaillard et al., 2008; Hellman et al.,
2008; Mazier et al., 2008; Hellman et al., 2009). The former is subjec-
tive but can be an effective measure of asymptote formation and
is frequently used in PPE investigations. The latter, moving-window
linear regression, is a statistical measure of the asymptote using a
‘window’ to assess differences between the log-likelihood within it
(Gaillard et al., 2008). Using this technique the RSAP is deﬁned as
the centre-point of the window within which the slope of the regres-
sion line is not statistically different from zero. This study used
moving-window linear regression, with a window of 200 m, but it
has been acknowledged that the size of the window is a factor that
can inﬂuence the RSAP estimate obtained (Gaillard et al., 2008).
Poaceae is the standard taxon used to calculate relative pollen
productivity estimates. However, the data at Inshriach Forest did
not enable this taxon to be used as correspondence between its
occurrence in the pollen and vegetation data was unreliable, conse-
quently an alternative was sought. Picea was used due to the range
of pollen and vegetation values within the data set and strength of
correlation. However, little variation was identiﬁed when tests were
undertaken to investigate the inﬂuence of alternative selections.
2.3. Statistical analysis and validation
As pollen productivity estimates are determined through relation-
ships between the pollen and vegetation data, the use of a direct
multivariate technique, redundancy analysis, enabled this relation-
ship to be investigated. Analysis was carried out in Canoco 4.5 (Ter
Braak and Smilauer, 2002) with pollen counts and average distance
weighted vegetation abundance within 100 m of the sample point
as the environmental data. Sample scaling was focused upon the spe-
cies correlation with scaling applied to the species data; no centring
was applied.
Identiﬁcation of representative PPEs is dependent upon a valida-
tion procedure being undertaken. In this study the REVEALS (Sugita,
2007a, 2007b) model was used to estimate vegetation coverage for
comparison with regional data sets constructed from mapping.
Fig. 3. Mean PPEs produced using systematically and randomly selected sites for the
1000, 500 and 200 metre datasets. The values presented are all relative to the reference
taxon Picea, which is not shown.
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or regional pollen rain, the REVEALS model applies pollen dispersal
algorithms, approximations of atmospheric parameters and estimates
of pollen productivity to convert the pollen values into estimates of
vegetation. Pollen counts used in this study were obtained from the
surface 1 cm of sediment from two large sites near Inshriach Forest,
Loch Alvie and Loch An Eilein (Fig. 1a), with counts of 1000 terrestrial
grains per sample. All calculated PPEs were used to feed the model
whilst other parameters, which included pollen counts and standard
atmospheric properties (e.g. wind speed, turbulence) remained static.
A potential source of error in this approach is the difference deposi-
tional context used to calculate the PPEs (moss) and test them
(lakes). As pollen recruitment differs between these two environ-
ments, there is a potential bias in combining the two datasets and
where possible this approach is avoided. However, the environmental
limitations and nature of the project at Inshriach necessitated this
approach to be taken.
Moran's I test of spatial autocorrelation was used to investigate
this property in both the pollen and vegetation data from the differ-
ent groups. Calculations were conducted upon pollen proportions
and vegetation proportions (from within 100 m of the sampling
site) using the ‘spdep’ programme in R (R Core Development Team,
2009; Bivand, 2011). Signiﬁcance of the Moran's I value was assessed
at the p=0.05 level.
3. Results and analysis
Results presented below provide a summary of investigations into
spatial autocorrelation inﬂuences for obtaining robust estimates of
pollen productivity. The section is divided into the experimental
calculations of PPEs, validation processes using quantitative models
with contemporary data and statistical analysis.
3.1. Pollen productivity estimates
3.1.1. 1000 m class
Estimates of pollen productivity show a large degree of variability
between sub-groups and variants. Fig. 3a shows the mean and range
for the PPEs from the systematic and random groups with values
calculated from the 3 variants. An anomalous result was excluded
from the systematic group as this was uncharacteristically high, 3
orders of magnitude higher than those of all other runs, and therefore
these results are calculated from two variants only. The low error
margins associated with this group are a reﬂection of the high corre-
lation between sites forming the groups. Similarly, the high errors
of the random groups are attributed to the dissimilarity between
the sites forming the groups. Calluna shows the greatest degree of
correspondence between the two groups with a distinct overlap be-
tween the ranges calculated. It is Pinus that shows the greatest vari-
ability exempliﬁed by the difference between the means from the
two groups.
3.1.2. 500 m class
Overall, PPEs obtained are much lower than those calculated using
sites greater than 1000 m apart irrespective ofwhether theywere ran-
domly or systematically selected. Interestingly, PPEs calculated from
the random group consistently produce higher estimates in compari-
son to systematically selected groups (Fig. 3b) in contrast to that of
the 1000 m class. However, the ranges produced by the variants over-
lap indicating some consistency within the results obtained. Variabil-
ity is higher within the groups for both Pinus and Betula represented
by the larger range bars than other taxa irrespective of the sampling
selection type used; Larix shows little correspondence between values
associated with the sampling methods; and Calluna values are consis-
tently similar.3.1.3. 200 m class
Assessment of Fig. 3c shows comparable estimates between the
two sample selection methods. More intra-group variation is evident
in the systematic sites but primarily Pinus values as the remaining
taxa show highly correlated means and only low ranges. The differ-
ence between Pinus estimates and the remaining values is signiﬁcant.
3.2. Between class comparisons
Differences between the PPEs of the distance classes are greatest for
Pinus but there is a distinct agreement in the value for Calluna by all
classes (Fig. 3). The systematically selected groups have a high degree
of variability experienced for all taxa. The 1000 m class provides the
highest estimates of all the groups but follows a similar ranking in
terms of the taxon magnitudes as seen in the 500 m and 200 m classes.
For example, Pinus is identiﬁed as the greatest producer followed by
Betula, Larix, and then Calluna (Fig. 3). When random sampling is
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duced from the differing distance classes is high. Pinus shows the great-
est variability but this is primarily with respect to the error margins for
the calculation. Interestingly, the ranking of taxa using the PPE magni-
tude differs from the systematic group with Pinus, followed by Larix
then Betula, which are equivalent in most cases, and ﬁnally Calluna.
3.3. Estimates of RSAP
Differences are apparent between the log-likelihood graphs both
in form and magnitude (Fig. 4) relating to the sites included withinFig. 4. Log-likelihood curves from the PPE groups exhithe analysis, both the number in each group and their values. The
randomly selected groups in all distance classes show more typical
patterns of other published studies with smoother graphs and a
more deﬁned asymptote. In contrast, the systematic graphs show a
greater degree of variation within the form of the graph.
Estimates of RSAP differ between the distance classes, sampling
strategy and method to estimate the threshold (Table 1). Visual esti-
mates show a general correspondence between the different distance
classes but this does not hold true for inter-strategy groupings.
Around 200 m difference is evident between the RSAP estimate of
the systematic and random groups irrespective of the distance class.biting the highest values from each distance class.
Table 1
Average RSAP estimates (metres) for the distance classes obtained using investigator
estimations (visual) and statistical method (moving window linear regression).
Distance class Visual Moving window
linear regression
Average nearest
sample distance (m)
Sy.1000 452 285 1481
Sy.500 405 493 948
Sy.200 455 543 641
Ran.1000 512 537 916
Ran.500 628 547 602
Ran.200 655 935 568
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greater variability between distance classes and sampling strategy
groups. Patterns exhibited by both groups show an increase in the
RSAP estimate with decreasing “average nearest sampling distance.”
This is perhaps most signiﬁcant in the random groups where the
difference between the 1000 m and 200 m distance classes is the
greatest.
3.4. Statistical analysis
Fig. 5 represents an RDA biplot for the Ran.1000.1 and Sy.1000.1
dataset with arrows corresponding to change in the vegetation data
and points the pollen samples. Noticeable in the Ran.1000.1 dataset
is the prominence of high Pinus values along a short gradient, in con-
trast to other taxa that have long gradients in the vegetation data but
only limited occurrence within the pollen data. In contrast, scatter is
more pronounced for the Sy.1000.1 dataset and more samples are at
the higher end of the vegetation vectors when compared with the
RDA biplot of the Ran.1000.1 data group. The length of the arrows,
especially pine and larch, infer that a large range of values occurs
within the vegetation data contributing to the dissemination of the
sample points. Such dissimilarity in the relationship between pollen
and vegetation data could impact signiﬁcantly upon the PPEs
obtained when these groups are compared.
Assessment of the spatial properties usingMoran's I of both the pol-
len and vegetation shows amixture of results (Table 2). Species distinc-
tions are clear with Pinus, Picea, and Larix frequently showing
correlationwithin the datawhilst Betula and Calluna are never correlat-
ed. Of those correlated taxa, the occurrence of signiﬁcant correlation can
be linked to the distance classes and method used to determine the
sample groups. Overall, the classes showing the greatest signiﬁcantFig. 5. A RDA plot for the PPE groups showing pollen (points) and vegpositive correlation in the pollen or vegetation are the variants within
the Sy.200 group. Positive correlations are also identiﬁed in the random
groups but a relationship to distance is not as clear. Interestingly, there
is no relationship between the correlationwithin the pollen and vegeta-
tion data within the groups, and correlation in one variable is not auto-
matically indicative of correlation in the other. For example, the most
dispersed data when assessing the pollen is the Ran.1000.1 group,
with Sy.200.3 the most correlated, in contrast the sample group with
the greatest dispersion in the vegetation data is Sy.1000.2 and
Sy.500.1 is the most correlated.3.5. Validation using contemporary data and quantitative
pollen–vegetation models
The data used to comparewith themodel output was obtained from
estimates of community coverage from the Land Cover Map 2000
(Fuller et al., 2002). Using the ‘Broad Habitat’ classiﬁcation this enabled
taxon composition to be estimated from ﬁeld data and available litera-
ture. This dataset was used to estimate vegetation coverage within
100 km2 and 400 km2 areas surrounding the ﬁeld area deﬁned from es-
timations of characteristic source area (Sugita, 1993). Assuming homo-
geneous vegetation, this method uses the dispersal properties of pollen
grains to estimate the distance within which pre-deﬁned proportions
will be derived. The estimate for Inshriach is based upon an average of
pollen proportions in the surface sample taken from the two sties
used in the REVEALS model, including Pinus which is a well dispersed
taxon. It is acknowledged that this may fail to accurately reﬂect the
true distance for this region, with other studies suggesting a 50 km ra-
dius to be an appropriate representation of the regional pollen rain
(Hellman et al., 2007). The smaller size of the sites, having a mean radi-
us of 380 m, in relation to other studies using REVEALS (Hellman et al.,
2007, 2008; Sugita, 2007a), increases the importance of local vegetation
to pollen recruitment at these sites and is a potential source of error
upon the results presented. It is also envisaged that errors, not shown,
will be associated with extraction and processing of the data within
the datasets used to provide the comparison data. Although accuracy
differences occur in relation to the area of the UK considered and the
target habitat, Fuller et al. (2002) cite an accuracy level of 80–85% for
the LCM 2000 data when compared with ﬁeld data using broad habitat
groups.
Fig. 6 plots the average of estimated means and error ranges for
both the distance classes and sampling regime groups. Modellingetation (arrow) data used in the ERV analysis for PPE calculation.
Table 2
Moran's I results for Pinus, Picea and Larix. Positive values indicate correlation, negative values show greater dispersion, and those values in bold are signiﬁcant at p=0.05 level.
RSAP and Average Nearest Neighbour distances are given in metres.
Pinus Picea Larix RSAP
(moving window)
Average nearest
neighbour
Pollen Veg Pollen Veg Pollen Veg
Ran.1000.1 −0.2505 −0.0370 0.2744 −0.0999 −0.1209 −0.1588 1000 1012
Ran.1000.2 −0.1111 −0.0484 0.1473 0.07573 −0.14 −0.1118 455 870
Ran.1000.3 −0.1854 0.0441 0.2027 −0.1537 −0.1458 −0.1337 155 867
Ran.500.1 −0.0918 −0.0737 0.0503 −0.0882 0.0467 0.161 445 751
Ran.500.2 −0.2203 −0.082 0.0889 −0.1194 0.0636 0.1889 1000 652
Ran.500.3 0.1135 0.2283 0.0183 0.1365 −0.0432 0.1869 195 404
Ran.200.1 −0.0403 0.1694 −0.098 −0.0773 0.0361 0.1891 805 559
Ran.200.2 0.1015 0.0064 −0.0123 0.0386 −0.0565 −0.0781 1000 577
Ran.200.3 −0.194 0.1406 −0.1098 0.0855 −0.0395 0.1114 1000.0 569
Sy.1000.1 −0.14 −0.2486 0.1964 −0.0573 −0.0932 −0.1225 365 1506
Sy.1000.2 −0.175 −0.4097 0.0359 0.0439 −0.1286 −0.1492 175 1416
Sy.500.1 −0.0309 0.3651 −0.0879 −0.1347 0.093 0.286 1000 945
Sy.500.2 0.0884 −0.0963 0.0336 0.0867 0.095 0.2512 395 923
Sy.500.3 −0.1418 0.047 0.2772 −0.0777 0.0924 0.2524 275 977
Sy.200.1 0.0887 0.3234 0.3021 0.1543 0.0238 −0.0738 445 635
Sy.200.2 0.1447 0.1385 0.1093 0.1532 −0.0143 −0.1011 185 649
Sy.200.3 0.1477 0.3446 0.1043 0.1632 −0.0593 −0.1101 1000 639
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original PPEs to be present. The taxa most severely affected are
Pinus, Larix, and Calluna which suggest the PPEs and dominance of
the taxa could be inﬂuencing this disagreement. In contrast, the
random groups have much greater agreement in estimates of vege-
tation coverage for all taxa. Furthermore, the randomly selected
groups have lower error estimates associated with the mean cover-
age values.
Consideration of the best PPE groups in respect of comparison
with the observed data requires the full dataset to be assessed
(Table 3) with RMSE showing the strength of the correlation. Dis-
agreement between individual distance classes, sampling groups
and the three variants highlights the range of values that were calcu-
lated. When compared with the actual data this becomes even more
apparent as estimates of observed vegetation coverage vary with
increasing radius around the ﬁeld site, therefore as this distance
increases the most comparable PPE group also changes. For example,
if the 400 km2 distance is used, Sy.500.3 groups have the lowest
RMSE, although additional groups provide fair estimates of the
major taxa whilst Larix and Picea are inaccurate and weaken the
correlation. However, using a measure of characteristic source radius,
the 100 km2 regional vegetation is a more representative distance of
the estimated values for the size of the sites used. It is therefore,
the Ran.1000.1 dataset which produces the closest estimate of mean
vegetation coverage in comparison to observed data within 100 km2
area around the ﬁeld site (Table 4). An issue with a large proportion
of the groups is the poor representation of Larix and/or Picea which
severely inﬂuences the estimates for the remaining taxa.
4. Discussion
Results of this study have shown that variability in PPEs can arise
even when the same set of samples is used. The best values selected
for further modelling were Ran.1000.1, and these compare to previ-
ously published results (Table 5). However, the variation within the
dataset places doubt upon their reliability. These results also question
the amount of variation inherent in other datasets and highlight
the potential inﬂuences in obtaining robust PPEs and limitations in
present understanding; these areas will be considered below.
4.1. Site inclusion and species representation
A key characteristic in the derivation of representative PPEs stems
from inclusion of a range of pollen and vegetation values within thedataset for the analysis (Broström et al., 2004, 2008; Räsänen et al.,
2007; Mazier et al., 2008; von Stedingk et al., 2008). In turn, this
relates to the presence of a taxon in the pollen and vegetation of
each sample, and the strength of the relationship when assessed via
linear correlation. For the ERV model to be used a sample dataset
containing double the number of taxa has to be available (Broström
et al., 2008), but does a greater number of samples automatically
achieve more robust results? The data from Inshriach suggests that
so long as the number of samples meets the conditions of the ERV
model, then the quality of the dataset in describing the relationships
is key and not sample quantity. Fig. 7 shows the range of values and
correlation between the pollen and vegetation data at Inshriach.
Evident is the consistently high Pinus pollen values, irrespective of
the corresponding vegetation, and the poor range in Larix values, a
secondary constituent of the woodland, which is a potential source
of the variation seen amongst the PPEs presented here. Site condi-
tions could be a major inﬂuence upon obtaining a sufﬁcient data
range and extract relationships, for example the dominance of wood-
land at Inshriach Forest could inﬂuence ﬂowering of herbaceous taxa
and pollen dispersal. Further work is necessary to inform on the role
of site conditions upon PPE calculation as this cannot be addressed by
the current dataset.
Exclusion of outlying samples was not performed on the Inshriach
dataset to improve the correlation as conﬁdently identifying errone-
ous samples was complex. If such samples had been excluded the
robustness of the PPEs would have been limited as only one extreme
of the spectrumwould have been represented by the remaining data-
set. It is envisaged that their inclusion within some of the sub-groups
and variants of these will have inﬂuenced the PPE variability identi-
ﬁed. Previous studies have removed outliers to ensure a strong corre-
lation between pollen and vegetation, but in these cases their
removal does not constrict the range of values within the pollen
and vegetation data (Hjelle, 1998; Broström et al., 2004; Mazier
et al., 2008). This again highlights the need for a strong correlation
between pollen and vegetation of sites used within the study.
4.2. Spatial patterning of vegetation and pollen
Patterning of vegetation is known to inﬂuence the RSAP of pollen
samples (Bunting et al., 2004; Broström et al., 2005; Nielsen and
Sugita, 2005) but does this also inﬂuence the calculation of PPEs?
A main aim of this study was to determine the inﬂuences of spatial
patterning, more speciﬁcally spatial autocorrelation, on the calcula-
tion of PPEs. Calculation of Moran's I values identiﬁes spatial
Fig. 6. Estimates of vegetation coverage obtained from the REVEALS model (Sugita, 2007a, 2007b) shown as an average of distance classes. Dashed lines represent the observed
estimates for vegetation coverage at 10 km radius (100 km2) and 20 km radius (400 km2) around the ﬁeld area.
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groups in the distance classes. The present of spatial autocorrelation
is clear in the systematically selected groups of the 200 m distance
class and decreases within the groups of the 1000 m and 500 m clas-
ses. Presence of autocorrelation in the random groups is lessstructured implying that distance does have an inﬂuence upon the
correlation between samples. However, there is limited data to
show that this is an over-riding control on the variability inherent
in the PPEs presented as there is no strong relationship between
these results and other variables i.e. RSAP, NN distance. Sugita
Table 3
RMSE estimates for correlations between estimated and observed vegetation around
the ﬁeld site. Those values shown in bold correspond to the lowest RMSE for the area
given.
Group 400 km2 100 km2
Sy.1000.2 9.87 32.59
Sy.500.3 4.80 25.92
Sy.200.2 12.17 18.39
Ran.1000.1 24.11 6.10
Ran.500.1 11.03 14.89
Ran.200.1 15.98 16.38
Table 4
Estimates of vegetation coverage from the Ran.1000.1 group with observed vegetation
coverage within 10 km (100 km2) and 20 km (400 km2) radius of the ﬁeld site.
Ran.1000.1 Sy.500.3 Observed data
Mean S.E. Mean S.E. 400 km2 100 km2
Pinus 55.9 21.8 20.6 12.1 28.7 64.1
Picea 4.5 3.1 1.3 0.7 0.9 2.1
Larix 8.2 11.8 7.1 8.3 0.6 1.4
Betula 10.5 4.7 6.1 1.6 3.7 5.3
Calluna 20.9 7 65 7.1 66.1 27.2
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lationship, discussed the importance regional vegetation has in
obtaining strong and meaningful correlations. When used in simpli-
ﬁed simulations, Sugita (1994) showed that comparable PPEs were
generated with changing proportions of the vegetation in the land-
scape if the proportions were consistent within the groups. If, howev-
er, all the samples were combined in the calculations, giving a range of
regional proportions, the PPEs differed from the previous calculations.
The contrasting results indicate that samples are inﬂuenced by
changes in the regional vegetation composition, the contribution this
makes to the pollen sample, and stationarity of vegetation patterning.
Stationarity in a variable describes a consistency between the mean
and variance with changes either spatially or temporally, non-
stationarity is encountered when there is variation within the mean
and variance with such changes. In vegetation communities, deﬁning
stationarity is more complex as variations in heterogeneity can occur
at various spatial extents and this may not correspond to the spatial
scale of the measurements taken. It is the distinction between heath-
land and woodland and its patch-matrix structure, creating non-
stationarity, which could be a driver of the variation exhibited in the
PPE groups from Inshriach Forest. However, the simulations of
Sugita (1994) were idealised situations and additional factors also
have to be considered including local topography, wind patterns and
vegetation height. Empirical studies are required to test the results
of Sugita (1994) in such conditions and elucidate the role of
stationarity.Table 5
PPEs calculated from this study in comparison to those from previously published studies
the range of all calculated values obtained from Inshriach. (1) von Stedingk et al. (2008) bu
Broström et al. (2004); (3) Nielsen (2004); (4) Meltsov and Poska, in progress (from Bro
Poska et al. (2011); and (8) Finland Sugita 7. (2010).
Site type Study location
Moss polsters Central Sweden (1)
Southern Sweden (2)
Inshriach Ran.1000.1 (this study)
Lake sites Denmark (3)
Estonia (4)
Swiss Plateau (5)
Norway (6)
Estonia (7)
Pollen trap (Absolute values) Finland (8)Bunting et al. (2005) obtained PPEs from two woodland carrs in
Norfolk, UK. Differences were seen primarily in the PPEs for Alnus
which could, in part, be associated with the spatial patterning driven
by the habitat requirements of the taxon. Additional studies have also
concluded that those species which have habitats that place them
closer to a lake at a speciﬁc site have lower RSAP as correlation
between pollen and vegetation reaches its asymptote over a shorter
distance (Sugita et al., 1999). At Inshriach Forest Pinus spp. (Pinus
sylvestris and P. contorta spp. latifolia) comprises 80% of the woodland
and is a prominent member of the wider landscape occurring as
small stands and in other managed and natural woodlands i.e. Rothie-
murchus, Glen More and Abernethy. The amount of variability within
the PPEs could be a response to changes in the spatial patterning
and amount of pine surrounding the moss sampling locations
and differing combinations of these within the PPE groups, as
shown from the Moran's I results.
Further simulations conducted by Bunting et al. (2004) indicate
that when patch size of the vegetation and cell size of the simulation
grid were increased there was a concomitant increase in the RSAP of
the taxa used. Interestingly these were of the same magnitude, thus a
cell size or patch size of 50 m was reﬂected in a RSAP of 300 m; when
increased to 400 m RSAP increased to 1600 m in both scenarios.
Variations in RSAP are shown within the results of this study, espe-
cially the larger RSAP of the 200 m group in contrast to the 1000 m
group, but attributing these to vegetation patterning alone is tenuous
especially with the clear link in the Moran's I results. Likely inﬂuences
could stem from the proximity of the sites to their neighbours result-
ing in an overlap between the vegetation survey areas, the surround-
ing patch-matrix structure or the combination of sites in each group
and their representation of this structure in the pollen. Simulation
studies have supported the role that the patch-matrix structure has
on inﬂuencing PPEs (Sugita, 1994; Bunting et al., 2004), but further
empirical studies are required to elucidate other sources of variation
in obtaining accurate representation of landscapes. For example,
what is the signiﬁcance of the size of different communities within
the vegetation and how can these be represented in the past? In
addition, does the spatial patterning of these consistently produce
different results? The potential inﬂuence of spatial patterning and
species dominance requires further investigation to fully understand
the role of vegetation structure in obtaining robust PPEs.
4.3. Sampling strategy
Results from this study show that randomly selected sites have
greater consistency between PPEs, but the systematic group produce
comparable results for some distance classes. Tests have been con-
ducted previously to identify links between PPEs and sampling strat-
egy. Broström et al. (2005) used simulated landscapes to investigate
the use of systematic and random sampling strategies upon pollen
productivity estimates. The conclusion of this work was that random. Estimates are presented with Picea recalculated as the reference taxon in relation to
t it should be noted that the author suggests caution when using the Pinus value; (2)
ström et al., 2008); (5) Soepboer et al. (2007); (6) Hjelle and Sugita (in press); (7)
Pinus Betula Calluna Picea
7.76 0.81 0.11 1
3.17 4.94 2.61 1
3.1 2.5 2.1 1
– – 0.34 1
1.42 1.42 – 1
2.37 4.25 – 1
4.7 – 0.725 1
1.07 0.38 – 1
1.37×108 – – 5.14×108
Fig. 7. Scatter plots showing the correlation between pollen and distance weighted vegetation data within 500 m radius (mean RSAP estimate) for the 29 sites taken from Inshriach
Forest.
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between values from the two regimes (Broström et al., 2005). More
details are required to fully understand the implications of the sam-
pling regime of the derived PPEs in empirical situations. At present,
studies are centred around collecting and collating PPEs from differ-
ent regions, but future questions may be more deﬁned requiring
specialised areas to be targeted, for example understanding the dif-
ferences in PPEs with age or between natural and managed wood-
land. In such situations it may be more conducive for systematic
sampling regimes to be employed.
Spatial autocorrelation and its potential inﬂuences also remain
elusive with the results of the test inconclusive and if targeted and
systematic sampling is to be utilised a greater understanding is neces-
sary. Detection of spatially autocorrelated variables has implications
for the notion of stationarity in a variable. Yet, these are highly depen-
dent upon the scale at which the variables are considered, adding
increasing complexity to the issue. Within this study, spatial autocor-
relation was being investigated with the aim of understanding the
role distance has to variability in RSAPs and PPEs given the small
study site and limitations on sampling location. The increasing RSAP
with decreasing “average nearest neighbour distance” implies that
there is a spatial element, but determining this from the available
data is not possible. To date, most studies into spatial patterning
have been generated from ecological studies. Legendre et al. (2002)
tested the role of spatial autocorrelation upon correlation analysis in
ecological studies, concluding that signiﬁcant inﬂuences are apparent
only when spatial autocorrelation is present in both variables by
increasing the number of Type I errors. Recent work by Hawkins
et al. (2007), failed to agree, suggesting that spatial autocorrelationhad little inﬂuence upon results of statistical analysis between two
variables when ordinary least squares regression was used and
modifying tests to account for spatial patterning are unnecessary;
however, Hawkins et al. acknowledge that the results were based
upon a gridded dataset with a lack of small-scale local spatial autocor-
relation, but in non-analogous situation the results may show an
alternative outcome. Whilst these studies imply a limited degree of
inﬂuence from spatial patterns, studies are required to afﬁrm this
within palynology and ERV analysis, especially to test autocorrelation
at different spatial extents.
Consideration also has to be given to the notion of stationarity and
at what spatial extent this becomes important. As noted by Legendre
et al. (2002), stationarity occurs when spatial patterns are present
at larger spatial extents which are not mutually exclusive of spatial
autocorrelation but are inter-linked. Vegetation structure at Inshriach
is dominated by two distinct communities, although samples for ERV
analysis were collected from both of these locations, the combination
of sites within the distance classes will strongly determine how the
landscape is represented. At each site the RSAP will include differing
vegetation patterns and if there is a level of heterogeneity or gradient
in the vegetation the regional recruitment will also differ between
sites. This was also identiﬁed by the simulations of Sugita (1994),
which show that if samples contain a range of background propor-
tions, then the resultant PPE will show variability. One of the assump-
tions of the ERV model is that background pollen rain is consistent
amongst sites, therefore understanding this inﬂuence and how to re-
solve it is critical. However, obtaining fully stationary data will impact
upon the spatial extent of the ﬁeld site and as pollen recruitment is
dependent upon an interaction of landscape factors e.g. size of the
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each area is distinct. Limiting studies to homogenous regions will
restrict the questions that can be addressed in relation to environ-
mental controls on PPEs. Combining simulation and empirical studies
to investigate the role of spatial patterning of vegetation and the
pollen signal provides a means of considering the implications of
this and offering potential solutions.
5. Conclusion
Results from this study have shown that in some instances a large
degree of variation can occur in PPEs calculated, even when the num-
ber of sites is deemed suitable and consideration should be given to
this issue when planning a study to obtain PPEs. It is suggested that,
where possible, a random sampling strategy should be employed
with a suitable distance between samples to ensure that the RSAP
does not overlap between these. Tests could also be conducted to
quantify the variability in PPEs from the dataset using subsets, per-
haps using a leave-one-out method e.g. bootstrapping, which will
demonstrate the robustness of the set, especially when applied to
quantitative reconstruction analysis.
At present, data to elucidate the role of spatial autocorrelation and
stationarity are lacking and the connections made here are question-
able. Further studies are necessary to understand their role in obtain-
ing reliable PPEs to realise the factors inﬂuencing the ability to obtain
reliable PPEs. A key consideration has to be stationarity, if this is
necessary to fulﬁl the assumptions of the ERV and simulation models
this will limit the size of the ﬁeld site for sample collection, in turn
this will have implications for spatial autocorrelation. It is important,
therefore, that these factors are explored if the pollen–vegetation
relationship is to be fully understood.
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